The fluidized bed ironmaking technology has attracted the attention of many researchers for decades as a direct reduction ironmaking method with many advantages. This process has been applied as a pretreatment method in many non-blast furnace ironmaking processes. However, the sticking problem hindered its development greatly. Defining the essential cause of sticking, and fundamentally solving this problem are the key steps encountered by this process. The research works related to the prevention of sticking problem during fluidized bed reduction of fine iron ore are comprehensively summarized in this article. The causes of sticking, the influencing factors of sticking and the solution of sticking are firstly discussed, followed by the analysis on the possible development direction of future fluidized bed ironmaking technology.
Introduction
The most important feature of fluidized bed ironmaking process is that the fine iron ore can be directly used without any sintering or pelleting processes, which can save 25-30 US dollars/ton of iron in raw material cost and reduce the cost of sponge iron by 25%. 1) It is reported that the FIOR method using fluidized beds cost only half of the material cost of the MIDREX method using a shaft furnace. 2) The iron ore fines have a large specific surface area. During the fluidization reduction process, the particles continuously fluidize and collide under the agitation of the gas stream, and the gas-solid phases get good contact, which accelerates the heat and mass transfer and chemical reaction speed between the particles and the fluid. The flow of fluidized particles can move like liquids, which provides conditions for continuous operation and automatic control of the fluidized bed.
In addition, this direct reduction ironmaking process also has outstanding advantages in terms of economy and environmental protection. Economical: The fluidized bed ironmaking process has a clear advantage in fixed asset investment and production cost compared to the blast furnace process. According to the introduction of FINEX process from official Siemens, a FINEX plant with an annual output of 1.5 million tons is more cost effective than a blast furnace ironworks with an annual output of 3 million tons. If the oxygen production process and power plant process are taken into account, the fixed asset investment and operating costs of the FINEX process will be about 15-20% lower than the blast furnace ironworks of the same size. 3) Environmentally friendly: SO x , NO x and dust emissions from the fluidized bed ironmaking process are much lower than the blast furnace process due to the elimination of two high-pollution and high-emission processes of coking and sintering. 4) The sulfur component in the non-coking coal used in this process reacts with limestone forming into CaS, which is fixed in the smelting slag. So that the discharge of SO x gas in the blast furnace process is avoided. Different from the oxidizing atmosphere in sintering and coking processes, the reaction of the fluidized bed ironmaking process mainly occurs under a reducing atmosphere, thereby avoiding the generation of NO x gas and reducing its emissions. The highly integrated and closed process avoids dust emissions, and its relatively low operating temperature avoids the production and emission of high carcinogens such as dioxins. The gas-based fluidized bed reduction process also provides technical support for the development of clean ironmaking processes with the non-carbon-based reducing agent.
Compared with the blast furnace, due to the lower operating temperature, the gangue phase is not easily reduced into the metallic iron phase, so the fluidized bed ironmaking process is more conducive to the treatment of complex paragenic iron ore. 5) For example, in the treatment of vanadium-titanium magnetite, the vanadium-titanium element can be prevented from entering into the metallic iron phase during the direct reduction process, and higher-quality titanium slag can be obtained by the subsequent melting separation process without using a large amount of flux. 6, 7) For the treatment of high phosphorous iron ore, the fluoroapatite phase will not be reduced during the direct reduction process, thus avoiding the dissolution of phosphorus into the metal iron phase, which is beneficial to the later phosphorus removal operation. 8) It is estimated that China's annual scrap production will reach 210 million tons by 2020, and will reach 310 million tons in 2030. 9) By 2050, the global steel production is expected to reach 2.8 billion tons per year, and with the increase in long-process scrap ratios and the development of all-steel electric furnaces, 50-70% of steel production will depend on scrap. 10) The recycling process of scrap steel requires the use of direct reduced iron as a diluent. As the scrap processing capacity increases, a large amount of direct reduced iron is consumed. As of 2017, global direct reduced iron production has reached a record high of 87.1 million tons, and it is still increasing year by year. 1, 11) The fluidized bed can be combined with some smelting reduction furnaces such as a smelting gasifier, an iron bath furnace or an electric furnace. Then the fluidized bed is used as a pre-reduction setup using its good gas-solid reaction conditions. The main processes involved in fluidized bed are FIOR method, FINMET method, H-IRON method, NU-IRON method, HIB method, DIOS method, FINEX method, FROLTS method, CIRCOFER method, CIRCORED method, ELRED method and so on. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] In the practical production, the amount of gas required to maintain the fluidization of the material is much larger than the amount of gas consumed by the reduction reaction, resulting in a low utilization rate of the reducing gas and high energy consumption of the gas cycle. If the particle size range of ore fines is wide, it is easy to cause the small-size ore fines to be carried out under the drag force of the high-speed airflow, causing elutriation. The elutriation of the ore fines not only causes the blockage of the pipeline, but also affects the stable operation of the fluidized bed, and also causes the loss of raw materials. Therefore, an efficient dust collecting device has to be set up in the process, which increases the complexity of the construction and operation of the equipment. In addition, in the late stage of fluidization reduction, the iron ore particles are prone to stick together, and then develop into the de-fluidization of the entire bed. 22) Throughout all the problems in fluidized bed ironmaking, the most difficult is the problem of sticking. This problem will lead to the sudden stop of fluidization, causing interruption of production. Some researchers have done a lot of work in exploring methods to prevent the sticking problem, but the research direction is too scattered, lack of horizontal comparison and summative evaluation. So the authors believe that this review article is needed to be written for the comparison and evaluation of various studies, proposing an optimized solution for the sticking problem and looking forward to the possible future development of fluidized bed ironmaking.
The Cause for Sticking Problem
Scholars have been exploring the cause for the sticking problem during fluidized bed reduction of fine iron ore for decades. However, there is still no clear explanation for its mechanism, which is universally recognized by the academic circles. The main ideas on the mechanism of sticking are as follows.
The Bonding Effect of Iron Whiskers
Whisker is very common, it can be found in electronic components 23) and it can be produced during vapor deposition, 24) reduction of iron oxide 25) and cooling of wustite. 26) Some whiskers such as carbide, 27) nitride, 28) oxide, 29) et al. are used for the preparation of composite materials due to their high elastic modulus and other characteristics, thereby improving the toughness of the material. 30, 31) However, sometimes whiskers can cause problems, such as metal whiskers in electronic components can cause short circuit, 23) iron whiskers produced during the gas-based reduction of iron ore fines will cause the agglomeration of iron ore particles. An iron whisker 32) with a diameter of about 1.6 μm has a tensile strength of 13 400 MPa, which is 4-10 times higher than that of ultra-high strength steel. Therefore, when the surface of the iron ore particles is enriched with high-strength iron whiskers, and they are bonded to each other, it will result in an increase in the mutual movement resistance among the particles during the fluidization process, so that the fluidization cannot be maintained and the de-fluidization occurs, [33] [34] [35] [36] [37] [38] as shown in Fig. 2 . Different reduction conditions have different effects on the surface morphology evolution during the reduction of iron ore fines. 40) The study by C. Wagner 41) and M. Schiller 42) suggests that the precipitation morphology of metallic iron during gas-based reduction is mainly caused by the joint influence of temperature and reduction potential (CO/(CO + CO 2 ) or H 2 /(H 2 + H 2 O)). A schematic diagram of the relationship between the different morphology of metallic iron and the two influential factors is displayed in Fig. 3 .
S. P. Matthew et al. [44] [45] [46] [47] [48] conducted in-depth research on the evolution of surface morphology under different reducing conditions of iron oxide in the 1980s and 1990s, and found that due to the difference in conditions like temperature and reduction potential it will show three kinds of morphologies of dense, porous and fibrous (the iron whiskers belong to this type) on the surface of the ore fines. The dense type is formed at a low temperature and high reduction potential, the porous type is formed at a high temperature and high reduction potential, and the fiber type is formed at a lower reduction potential in the middle-temperature range. For the reasons on the formation of these three kinds of morphologies, some scholars have made the following explanations: 33, [49] [50] [51] [52] the reduction process of the entire particle contains two main steps, the migration of oxygen atoms (including the migration of oxygen atoms to the surface and the surface reduction reaction) and the migration of newly formed iron atoms based on the mechanism of vacancy diffusion. (1) When the inward migration velocity of newly formed metal iron atoms on the surface of the particle is much smaller than the generating rate of metal iron atoms on the surface of the particle, it is the diffusion control situation. Then the metal iron atoms are limited to the surface of the particles, and the critical nucleation free energy upper limit can be reached in a short time.
When a certain degree of metal iron atom accumulation is reached, the surface begins to form dispersed iron nuclei, at which time the free energy of the iron atoms returns to the critical value. As the oxygen atoms migrate and the reaction proceeds, new metal iron atoms are continuously filled into the iron nuclei until the dispersed iron nuclei are connected into a lamellar shape to form a dense surface, as shown in Fig. 4(a) . (2) When the generating rate of the metallic iron atoms on the surface is equivalent to the inward diffusion rate of metal iron atoms, this is the mix control situation. At this time, the metal iron atoms diffuse in a limited area and the supersaturated region exists only in a part of the entire particle. The surface iron atom free energy exceeds its critical nucleation free energy at multiple locations, and some iron nuclei appear over time. There are two sources of iron atoms that support the growth of these iron nuclei, one is the diffusion of iron atoms from the supersaturated region and the other is the iron atoms produced by the continuous chemical reaction on the surface. With the replenishment of iron atoms, the iron nuclei grow and form into a conical shape, and the surface of the ore fines form a porous surface, as shown by Fig. 4(b) . (3) When the generating rate of iron atoms on the surface of the particles is much slower than the rate at which they migrate into the interior of the particles, it is the reaction control situation. At this point, the iron atoms can diffuse to the center of the ore particles, and the whole particles are like a reservoir for storing iron atoms. The free energy is basically the same throughout the particles. The free energy of the iron atom is gradually increased until the critical nucleation free energy at the surface of the particle (having the lowest critical value of nucleation free energy) is reached, and the iron nuclei begin to form on the surface of the particle. With the continuous supplement of iron atoms in the whole particle, the surface of the ore particles forms some cylindrical whiskers. At the same time, the free energy of the supersaturated iron atoms in the particles returns to the critical value of the chemical reaction, as shown in Fig. 4 (c). X. Z. Gong et al. 39) considered that the metallic iron produced by the reduction reaction has a higher binding property than the metallic iron reagent. There are lots of vacancy defects on the surface of an iron whisker, which results in easy iron atom diffusion and lowering its sticking temperature. As shown in Fig. 5 .
Z. Du et al. 53) investigated the influence of reduction condition on the morphology of newly formed metallic iron. The results reveal that the addition of H 2 in CO accelerates the moving rate of the Fe/Fe 1-x O interface and increases the amount of the iron nucleus formed during the initial reduction period, which induces the transformation of iron morphology from fibrous to dense. The presence of CO 2 in CO makes the fibrous iron shorter and sparser, especially when the content of CO 2 is 30 vol%, the iron appears as "cactus-like". D. Neuschütz and S. Hayashi et al. 34, [54] [55] [56] suggest that the sulfur content in the reducing gas has an important influence on the morphology of metallic iron and thus on sticking behavior. Usually the gaseous sulfur is considered to have an effect on promoting the formation of fibrous iron. L. Feng et al. 57) used the phase-field method to study the effect of oxygen content on the growth of iron whiskers, which theoretically proved that the iron whiskers can appear earlier with a low oxygen potential or a high reduction rate. And their findings indicate that the CO molecule not only has a plane force but also has a force to pull the Fe ion out of the surface, thus supporting the growth of iron whiskers. However, the H 2 molecule not only has a strong plane force but also has a force to prevent the growth of iron whiskers. 58) It was found that the non-uniform arrangement of fresh iron atoms caused by collision and squeeze of CO/CO 2 molecules is responsible for the formation of iron whiskers. Hence, prevention of iron atoms migration on FeO (111) surface will prevent the formation of iron whiskers effectively, 59) which is in accordance with our consideration: theoretically, metallic iron exists in the form of α-iron in the body-centered cubic structure below 1 185 K, and its close-packed direction is [111] , so the iron whiskers preferentially extend in the [111] direction. Fe 1 − x O is also in a cubic structure, the iron whiskers grow along the [111] direction of the Fe 1 − x O lattice. 26, 60) L. Guo et al. 61) proved that the iron whiskers are most likely to exist in single crystal form, and the quantitative relationship between the chemical driving force and the whisker growth is established
.
The Bonding Effect of Highly Active New Metal Iron
The newly formed metal iron has low crystallinity and high surface energy and viscosity, which can also cause the increase of adhesion and friction force among particles, resulting in the occurrence of de-fluidization. 33, 38, 62) T. Mikami, 63) K. Zhu, 64) C. F. You, 65) B. Zhang 66) et al. believe that during the fluidization and reduction of iron ore fines, the surface of the particles will form interconnected solid bridges due to the diffusion of metallic iron, resulting in the interparticle adhesion. Figure 6 shows the bonding state between the two particles due to the newly formed metallic iron on the surface. Y. W. Zhong et al. 43, 68) found that the precipitation of metallic iron significantly reduces the sintering temperature Fig. 6 . The sticking phenomenon caused by the newly formed metal iron layer on the surface of the ore particles. 67) and surface viscosity of Fe 2 O 3 particles, resulting in the evolution of the bed materials from non-sticky to sticky. Base on the metallic solid bridge theory, L. Guo 69) found that the real-time fluidization state can be monitored with the help of electric current acquisition during a fluidized bed reduction of iron ore fines.
The Effect of Compounds of Low Melting Point
When the reduction temperature reaches above 1 123 K, the wustite and other gangue components in the ore are prone to produce a liquid phase, 38) such as a low-melting eutectic phase similar to CaO-SiO 2 -FeO. These materials tend to soften and bond the particles. 33, 70) This phenomenon generally occurs after the FeO phase has been reduced. Softening of the surface of the particles at higher temperatures promotes plastic deformation on the surface of the particles, which increases the contact area during the collision between particles, further promoting the occurrence of bonding phenomena. 71) 
The Effect of Van der Waals Force and the
Magnetic Attraction When the particle or contact point size is below the micron level, the Van der Waals attraction between the particles has reached a degree that can cause them to adhere to each other, but the fine iron ore used in the fluidized bed reduction is generally not such fine, so the effect of Van der Waals force on the sticking problem should be non-existent or very small. 33, 72, 73) When hematite is heated to 873 K, the thermomagnetic residuals are generated, resulting in paramagnetism. The magnetic attraction generated by the magnetized hematite is likely to cause attraction among the particles. For magnetite or hematite iron ore fines, the Fe 3 O 4 phase produced during the reduction process has a magnetic effect, and its Curie temperature is generally 843-853 K. Above this temperature, the particles are paramagnetic and the attraction effect will be produced. 74) However, this phenomenon is also possible only for fine-grained particles.
Among the above explanations for the possible causes of sticking problem in the fluidized bed reduction process of fine iron ore, the most acceptable is the bonding effects of iron whiskers and the highly active new metal iron.
Influencing Factors of Sticking
B. G. Langston et al. 75) proposed the concept of sticking tendency, which is proportional to the viscosity and contact area between particles, and inversely proportional to particle momentum. It is expressed as the formula:
where S t is the sticking tendency, A k is the contact area between colliding particles (m 2 ), S p is the viscosity on the surface of particles (Pa·s) and m p is the momentum of particles (kg·m/s). More comprehensively, the sticking tendency is a function of particle surface activity, surface viscosity, particle contact area, particle momentum and temperature. 75, 76) In addition, there are several parameters used to characterize the properties of sticking: (1) Sticking time: S. Hayashi 77) used the concept of sticking time (t s ) in his work, which refers to the time from the beginning of fluidization to the sudden drop of bed pressure. Longer sticking time indicates it less likely to stick. B. Zhang 13) defines another concept of sticking time, which refers to the time it takes for a fluidized bed from the beginning of sticking to the end of sticking. This kind of sticking time is usually only a minute or two. The shorter this sticking time is, the easier to stick.
(2) Sticking temperature: The lowest temperature at which sticking occurs when other conditions are fixed. The higher the sticking temperature is, the less likely it is to stick. 38, 78) (3) Sticking index:
where S is the sticking index, W 1 -is the amount of sample larger than the original particle size (g), W 2 is the total amount of sample (g). This index is defined by K. S. Zhu et al. 79) Theoretically, the degree of sticking can be clearly indicated by this index. The larger the sticking index is, the more severe the degree of sticking is. However, the sticking problem is not completely caused by the bonding effect among the iron ore particles. The increase of the surface friction of the ore fines during the reduction process can also promote the sticking tendency. As the ore fines that have been bonded together first may also be dispersed after cooling or during discharge, it will cause measurement error for this method.
Based on the force balance, a quantitative model for the fluidization characteristics of iron ore fines was developed by Y. W. Zhong et al. 80) to describe de-fluidization behavior at elevated temperatures.
Y. L. Zhang et al. [81] [82] [83] systematically studied the apparent viscosity of iron powders in a fluidized bed using a powder apparent viscosity measurement system ( Fig. 8) , and defined the specific calculation formula. The concept of the apparent viscosity of powder particles was proposed. Based on the principle of energy dissipation, the method for determining the apparent viscosity of powder particles was determined. The effects of particle size, temperature and additive factors on the apparent viscosity of powder particles were analyzed. A positive correlation between the apparent viscosity of the iron powders and the sticking tendency was confirmed. The following relationship was obtained:
Where η is the apparent viscosity of powder particles (Pa·s), T is the torque (N·m), N r is the rotation speed (s − 1 ), D is the diameter of blades (m) and A is a constant which depends on the shape of blades.
The most important factors affecting the sticking problem and their mechanisms are as follows:
Temperature
When other conditions are fixed, the sticking of the iron ore fines only occurs above a certain temperature. 84) When other conditions change, the critical temperature will also change. 85) In the actual measurement, this critical sticking temperature is not fixed but fluctuates within a certain range. In order to reduce the sticking tendency, the method of lowering the reduction temperature is usually employed, but this is generally considered to cause a decrease in the rate of the reduction reaction, which is disadvantageous for improving production efficiency. M. S. Guo et al. 6) have pointed out that the reduction rate of iron ore fines in gas-based fluidized reduction is not simply increased with the increase of temperature because the temperature will affect the morphology of the reduced ore particles. Different morphologies of the ore particles have different effects on the gas diffusion, which affects the rate of reduction. Y. H. Lin et al. 86) studied the self-wrapping phenomenon in the reduction process of iron ore fines by using a gas-based micro-fluidized bed, and pointed out that the reduction effect by the low-temperature pre-reduction cooperated with the high-temperature final reduction is better than the one-time high-temperature reduction.
Metallization Ratio
The sticking of the ore fines during the reduction process usually occurs after the emerging of metallic iron and at a certain metallization ratio, which also provides evidence that the iron whiskers and the newly formed metallic iron cause the sticking problem. For a specific kind of iron ore fines, the metallization ratio at the sticking point is fixed within a specific range under constant temperature, reducing gas concentration, gas flow rate and so on. This is because the higher the metallization ratio is, the greater amount of iron whiskers and newly formed iron is, resulting in the sticking problem after the metallization rate reaches a certain level. 34, 38) 
Gas Flow Rate
The greater the flow rate of the reducing gas flow is, the greater the agitation effect of the bed layer is, the more intense the collision among the ore particles is, and the shorter the contact time is. So the higher the gas velocity is, the lower the sticking tendency is. The appropriate increase of the flow rate under the premise of ensuring normal fluidization can play a role in suppressing the sticking problem, but at the same time, it will reduce the primary utilization rate of the reducing gas.
Reducing Atmosphere
J. H. Shao 87) found in his research that there is a linear relationship between the fluidization time and the reciprocal of the concentration of reducing gas when other conditions are constant, and the metallization ratio at the time of de-fluidization happens usually remains stable. Different kinds of reducing gases and different reducing gas concentrations will affect the precipitation morphology of metallic iron on the surface of the ore fines. Different morphologies of ore fines will affect the sticking tendency, so the reducing atmosphere will also affect the sticking behavior of iron ore fines indirectly. [88] [89] [90] Due to the presence of the boudouard reaction (2CO = CO 2 + C), the CO in the reducing gas causes carbon deposition on the surface of the ore fines under certain conditions. The carbon produced is in two states, such as the graphitic carbon and the carbon in Fe 3 C. 91) It is generally considered that the carbon deposited on the surface of the ore fines has a physical separation effect and can suppress the sticking problem. However, it has also been considered that carburization will cause a decrease in the melting point of metallic iron, which leads to more serious sticking. 92) 
Iron Ore Characteristic
The iron ore characteristics associated with the sticking tendency during the reduction process mainly include ore grade, ore particle size, ore particle shape and so on. The gangue composition in the ore tends to inhibit sticking with respect to metallic iron. The higher ore grade and the less gangue content are, the easier it is to stick. The smaller ore particle size corresponds to the larger specific surface area, the greater contact area between particles, the smaller momentum imparted by the gas flow and the higher sticking tendency. 33, 63, 93) Due to the different frictional forces between particles of different shapes, 34) the shape (such as angular and rounded) of the particles will also have different effects on the sticking tendency of the ore fines. 94) G. L. Yin 95, 96) measured the repose angle, collapse angle, dispersion degree, loose density, tap density, fluidity and other physical parameters of different kinds of iron ore fines. The relationship between the physical properties of iron ore fines and the fluidity was systematically evaluated by the degree of compression method, Hausner method 97) and the counting method.
Y. W. Zhong et al. 98) studied the effects of the particle size distribution (narrow, Gaussian, binary and flat) on the high-temperature de-fluidization behavior and fluidization characteristic of iron powders. And found that the particle adhesion of bed materials was dependent strongly on particle size distribution. Moreover, a thermodynamic model was developed to associate the sticking tendency with the inherent properties of bed materials by the employment of solid surface energy of metallic iron. 99) 
The Solution to the Sticking Problem
Although the mechanism of the sticking problem has not been clearly explained so far, it does not affect the scholars' research on how to prevent it. At present, the methods for suppressing the sticking problem are mainly divided into the following aspects.
Proper Lowering of the Reduction Temperature
The temperature plays a decisive role in the sticking of the ore fines, and the sticking phenomenon occurs only at a high reduction temperature, so lowering the reduction temperature can significantly inhibit the sticking problem. The reduction temperature of the main fluidized bed reduction ironmaking equipments in the world is mostly controlled below 1 073 K, and the reduction temperature in laboratory tests can sometimes reach 1 123 K-1 173 K. However, reducing the reduction temperature reduces the rate of the reduction reaction, resulting in a decrease in the fluidized bed utilization factor and gas utilization. Increasing the work pressure can make up for the decrease in the reaction rate caused by the temperature decrease. The gas pressure of the industrial fluidized bed ironmaking device is generally 2-6 atmospheres. However, the increase in work pressure will also cause the increase of construction and operating costs.
Coating Treatment and Isolation Treatment
The main functions of the sticking inhibitor are: (1) affecting the precipitation behavior of metal iron, controlling the surface properties and morphology of the particles; (2) isolating the ore fines, and reducing the frequency of contact among particles.
Z. L. Zhao et al. [100] [101] [102] [103] studied the morphology evolution during CO gas reduction of Fe 2 O 3 with an in-situ online observation system composed of an optical stereo microscope and a high temperature hot stage. The effects of CaO, MgO, alkali metal oxides, et al. on the formation and growth characteristics of iron whiskers during the reduction process were studied and the mechanism was analyzed. The experimental results showed that the iron whiskers formed and continuously grew during the conversion of FeO to Fe, the CaO and MgO have an inhibitory effect on the reduction of iron oxide. When the mass fraction of CaO is above 8 wt% and the mass fraction of MgO is above 2 wt%, no iron whiskers formed. The relationship among the minimum doping amount of alkali earth metal oxides to suppress the growth of iron whiskers ( ) N y x A O , the ionic radius ( ) r x A + , the electron layer number ( ) n x A + and the valence electron number ( f q ) was proposed in his study: 104) M. S. Guo et al. 6) have tried to uniformly mix the Panzhihua vanadium-titanium magnetite ore fines with liquid sucrose, MgSO 4 ·10H 2 O aqueous solution or pulp waste liquid, after being dried and calcined it can guarantee 120 mins of fluidization with H 2 at 1 173 K, during which the fluidized bed maintaines a dense phase fluidization, and the pulp waste liquid also promotes the reaction speed. J. H. Shao 67) tried the powder method and solution method to coat MgO. L. Guo 105) found that coated calcium phosphate can inhibit the growth of iron whiskers during the reduction of Brazilian ore fines, but does not prevent the sticking problems.
U. F. Chinje et al. 106, 107) found that the use of C, SiC, ZrO 2 , et al. as a coating agent has a certain effect on preventing the sticking problem. S. Hayashi 108) studied the reduction of hematite in the fluidized bed with H 2 -CO mixed gas containing H 2 S, and finally obtained Fe 3 C product. The experiment prevented the sticking problem by forming Fe x C with C and Fe. K. Q. Zhu et al. 79, [109] [110] [111] also studied the use of CO to precipitate carbon on the surface of the ore fines and then carried out fluidized reduction experiments. The Exxon Corporation of the United States studied the use of alkali metal oxides, alkaline earth metal oxides, hydroxide, carbonate, halide, MgO, CaO, et al. to prevent the sticking problem with solution method. 90, 112) J. F. Gransden 36) found that Al 2 O 3 , MgO, SiO 2 , CaO, MnO, TiO 2 , et al. can be applied as coating agents on the surface of the ore fines. And SiO 2 shows the best effect, which is believed that SiO 2 can penetrate into the lattice of the ferrite to inhibit the reduction of wustite and inhibits the formation of metallic iron on the surface of the ore fines and avoids the occurrence of sticking.
Z. Du et al. 113) indicated that the inhibiting effect of MgO powder on de-fluidization is mainly realized by the physical barrier effect for all iron oxides below 1 073 K, while the de-fluidization prevention of Fe 3 O 4 and FeO at 1 173 K is mainly attributed to the formation of Fe 2 MgO 4 and MgO·FeO compounds on the surface, respectively. And due to the defects of non-stoichiometry, the reactivity between FeO and MgO is higher and the addition of MgO at the FeO stage will be more effective in preventing de-fluidization. This is consistent with our study: 114, 115) the mechanism of prevention of sticking by coating MgO below 1 073 K is mainly physical isolation. At higher temperatures above 1 173 K, the chemical adsorption will occur and the magnesium ferric will appear, which is converted to magnesium iron spinel during reduction. 116) Due to the stability of the spinel crystal structure, it is not easily reduced, so it is adsorbed on the surface of the ore fines as a barrier to avoid sticking. The chemical adsorption is more effective than the physical adsorption. The practical application should focus on increasing the proportion of chemical adsorption. The adsorption mechanism is displayed in Fig. 9.   Fig. 9 . Adsorption forms of coating particles on the surface of ore fines: bc: physical adsorption; d: chemical adsorption. 115) L. Guo 117, 118) tried some coating methods such as the powder method, the slurry method, the on-line coating method, and the co-deposition method. If the metallization ratio of the obtained product is used as the criterion, it is found that the order of several coating methods from good to bad is: the co-deposition method, the online method, the powder method and the slurry method. The adhesion of the fine coating particles on the surface of the ore fines directly determines the coating effect. Q. Li 119) studied the adsorption model of microparticles through the Van der Waals force and capillary force on rough and smooth surfaces. And he pointed out the factors affecting the adhesion of microparticles on the solid surface. M. B. Ranade 120) studied the quantitative calculation of the capillary force between the microparticles and the interface, which has reference value when there is liquid phase or softening phase existing on the ore fine surface. A. N. Davis et al. 121, 122) studied the factors affecting the adhesion between microparticles and solid interfaces (ex. solid contact surface structure, microparticle size et al.).
D. Zhan 113) and L. Guo 123) both studied the diffusion kinetics during solid state reaction between iron oxide and magnesium oxide, and obtained their respective values of diffusion activation energies. H. Fukuyama et al. 124) investigated the solid-state reaction kinetics of the system of CaO-FeO. J. L. Li et al. 125) carried out the simulation of the reduction of ferrite, the ferrite after doping Mg 2 + or Ca 2 + and the ferrite after carbon deposition treatment using the first principle of density functional theory, and the effect of the above methods on suppressing the generation of iron whiskers was confirmed from the aspect of atomic migration.
M. K. Sesen 126) thinks that the addition of CaO is efficient in promoting the formation and the growth of fibrous iron during reduction of iron oxide. A similar conclusion was drawn by T. Elkasabgy: 127) he indicates that both calcia and magnesia enhance the kinetics of metallization of wustite and calcia promotes the formation of iron whiskers while magnesia dose not. So it is generally believed that the effect of coating calcium oxide on inhibiting the sticking problem is not as good as that of coating magnesium oxide. Usually the calcia-based additives coated on the surface of iron ore fines show poor prevention performance. Z. Du et al. 128) found that the de-fluidization prevention effect of CaO can be enhanced with Fe 2 O 3 . The product of 2CaO·Fe 2 O 3 can restrain the sharp-pointed whisker growth, and Fe 2 O 3 can improve the adhesive ability of calcia on the surface of sticky iron, thereby decreasing its adhesiveness. As shown in Fig. 10 .
In the reduction study of cobalt ferrite by M. Chang et al., 129) it was found that Ca and K elements promote metal nucleation. Impurities such as Ca and K stimulate metal nucleation but appear to inhibit the catalysis of gas-solid reactions at the metal/gas/oxide triple junction and lead to small whisker diameters. N. Shigematsu 130) found that the reduction rate is affected significantly by oxides dissolved in FeO phase and slightly by composite oxides. The coating treatment dose little influence on the reduction kinetics.
Carbon Deposition on the Surface of Ore Fines
It is found that due to the chemical adsorption of CO, an inert coating of C or Fe 3 C will form on the surface of iron ore particles, which can prevent the iron-iron contact and thus inhibit the de-fluidization. 131) However, in general, the amount of carbon coating that achieves the suppression of sticking problem is over 5% by weight, 111, 132, 133) and even more than 10% by weight. 91) Excessive carbon deposition is likely to cause an increase in the amount of dust in production, and is not conducive to the subsequent treatment of DRI products. Appropriately increasing the hydrogen content in the carbon pre-reduction gas can increase the metallization ratio of pre-reduction and reduce the carbon content, and make the deposited carbon unstable, 133) but can obtain a better final reduction to prevent the sticking problem. 134) The detailed reason for this phenomenon is analyzed in section 4.8.2. C. Lei et al. 135, 136) found that 1.52 wt% of carbon coating can prevent the sticking problem of metal iron particles at 1 073 K, but for the ore fines, the critical value of deposited carbon at 1 173 K is almost three times of that at 1 073 K. 133) K. S. Zhu and others proposed the smelting reduction process of "carbon precipitation → fluidization reduction → iron bath", 137) and carried out the material and heat balance calculations. The carbon coating can not only suppress the sticking problem, but also speed up the reduction. This is because the carbon attached to the surface of the ore fines has the reducing capacity, and has a strong ability to adsorb CO 2 . The generated CO gas increases the concentration of the reducing agent, further accelerates the reduction reaction and plays a unique catalytic reduction role. 138) K. S. Zhu et al. 110) determined that the optimal carbon deposition content for fluidized bed reduction of iron ore fines as a pre-reduction process is about 3 wt%. And the mechanism of carbon deposition reaction in the process of iron ore fines reduction was analyzed. 139) The carbon deposition reaction catalyzed by newly formed metal iron can be expressed as: The newly formed metallic iron produced by reduction has high activity, and the distance between iron atoms (2.50 Å or 2.86 Å) at the lattice point is more than doubled than the CO atom spacing (1.15 Å) in the CO molecule, so that the molecular bonds of the adsorbed CO molecules are loosened and cleaved into C and CO 2 . The precipitated graphite carbon atom becomes larger in volume, causing the ore fines to crack. The model is shown in Fig. 11 . In terms of coating method of carbon, Q. Y. Xu et al. 140, 141) investigated the pressurized carbon deposition from CO and the carbon coating by pyrolysis of waste plastics. In T. Zhang's study, 142) a fluidized bed direct reduction process for fine iron ore is proposed, and it contains two steps: (1) constructing the direct reduction particles by H 2 -CO mixture at the temperature lower than 873-948 K, and (2) further reducing the direct reduction particles at the temperature higher than about 1 073 K to obtain high metallization ratios. For step (1) , the presence of H 2 can retard the growth of iron whiskers and promote carbon deposition. And for step (2) , the growth of iron and carbon gasification can destroy the carbon shells, but the presence of CO can retard or prevent the destroying. The detailed operation process is shown in Fig. 12. 
Isolation Treatment
J. Fang, 12, 143, 144) Z. M. Zeng, 145) L. J. Fan, [146] [147] [148] R. Huque 149) and others used the coal-ore mixed fluidized bed to carry out the fluidized reduction of iron ore fines, the fluidizing gases included CO, N 2 and air. On the one hand, the pulverized coal or coke powder help coating carbon on the surface of the ore particles, and on the other hand can play the role of isolating the iron ore particles, and these two action mechanisms take effect on preventing the sticking problem. And the addition of pulverized coal can increase the reaction rate and shorten the overall reaction time. The ELRED process uses the coal-ore mixed fluidized bed to preheat and pre-reduce the ore fines.
Choosing of Proper Kind of Ore
Different kinds of ores have different iron grades and gangue types, showing different sticking tendency. It is easy to avoid the sticking problem by using ores with a lower sticking tendency. 150) Complex paragenic iron ore, which usually contains more gangue phase, is less prone to stick. L. Guo 105) attempted to mix the high-phosphorus iron ore, the Indonesian sea sand iron ore and other kind of iron ores with low sticking tendency in different proportions with the Brazilian iron ore and the Hualian iron ore that are prone to sticking. It was proved that the method of mixing ore can prevent the sticking problem.
In addition, by adjusting the particle size distribution of the ore fine particles and preparing the fine particles into larger particles by granulation, the sticking tendency can be lowered to some extent. Q. S. Zhu et al. 151, 152) used the granulation method in the study of fluidized reduction of ultrafine iron oxide powder. And the synthesis of iron nanoparticles by the reduction of iron oxide nanoparticles in a fluidized bed was achieved , using the self-agglomeration treatment to prevent the de-fluidization.
Increase of Fluidization Speed
Properly increasing the fluidizing gas velocity within the gas velocity range of the bubbling fluidized bed can delay the sticking problem. It is also possible to carry out fluidized reduction using a circulating fluidized bed that exceeds the particle escape velocity. N. S. Srinivasan 153) and others have studied the circulating fluidized bed reduction of iron ore fines and found that this method has obvious effects in preventing the sticking problem. However, at the same time, the contact time between the particles and the gas is . 11 . Schematic diagram of the carbon deposition reaction and ore fine cracking behavior catalyzed by the newly formed metal iron. 139) shortened, the gas utilization rate is greatly reduced, and the high gas velocity will cause an increase in the operating energy consumption.
Stirring and Perturbing
The mechanical disturbing force can be applied to the particles tending to stick by the external field, thereby increasing the momentum of the particles and preventing the de-fluidization. T. M. Reed 154) studied the mechanical agitation effect on the gas fluidization of solids in a small scale rectangular vessel and found that the agitation can be used to advantage to increase the rate of heat transfer between gas and extended surfaces in contact with fluidized beds. Y. F. Song et al. 155) introduced the agitation method into the gas-solid fluidized bed and achieved the fluidization and reduction of iron oxide powder with the averaged particle size of 239 nm. X. P. Gu 156) studied the bubbling behavior in the agitated fluidized bed with the numerical simulations method based on the computational fluid dynamics. E. K. Levy 157) investigated the combined effects of mechanical and acoustic vibrations on fluidization of cohesive powders. The powders used ranged from normally difficult-to-fluidize fly ash and talc particles with the average diameters of 8 and 15 μm, to nanoparticles with the diameters of 0.012 and 0.2 μm. With the introduction of acoustic and mechanical vibrations, the minimum fluidization velocities were reduced to a great extent.
Q. J. Guo, 158) C. B. Xu 159) and R. D. Morse 160) studied the effect of applying sound field to optimize the fluidization state. It is found that the high-frequency sound field can improve the fluidization quality of particles smaller than 30 μm in diameter, and the low-frequency high-intensity sound waves can suppress the channel flow and improve the fluidization performance of the particles. Whereas, the sound field is less effective for the large and dense iron ore fines due to the low agitating energy, so the applicability of this method is limited for the fluidized bed ironmaking process.
Control of Particle Structure Evolution
The sticking of iron ore particles is determined by their surface properties. In addition to using various external methods to prevent the sticking problem, it is also possible to reduce the sticking tendency from the structural evolution of the ore particles themselves.
Prevention of Iron Whiskers and Promotion of
Layered Iron The layered iron on the surface of the ore fines has a lower sticking tendency than the iron whiskers. By adjusting the conditions of the reducing atmosphere, temperature and the like, it is possible to suppress the growth of the iron whiskers and promote the effect of crystallization of the metallic iron in the form of layered iron, thereby suppressing the sticking problem.
Z. Du et al. 53) found that the addition of H 2 in CO accelerates the moving rate of the Fe/Fe 1 − x O interface and increases the amount of the iron nuclei formed during the initial reduction period, which induce the transformation of iron morphology from fibrous to dense shape. And the agglomeration behavior of the fine iron ores could be controlled by pre-reduction in H 2 -rich reducing gas (H 2 /(H 2 + Fig. 13 . Experimental results of fluidized bed reduction experiments of Fe2O3 particles with different hydrogen concentrations under 1 073 K. 163) CO) ≥ 30%, by volume). In order to avoid the de-fluidization of the fluidized bed, Y. H. Qi 161) and others used the stepwise reduction method and find that the low-temperature pre-reduction at earlier stage promoted the growth of layered iron, so that the high-temperature reduction at late stage can effectively prevent the sticking problem.
Promotion of the Porous Morphology
The porous morphology of the ore fine particles during the reduction process is conducive to the expansion of the reaction interface, thereby increasing the reaction rate and contributing to the internal diffusion of the newly formed metallic iron phase, thereby reducing the accumulation of metallic iron on the surface of the ore fine particles and reducing the sticking tendency.
B. Weiss 162) found that during the reduction of iron ore fines the structural changes in particles have a significant influence on the rate of reduction. L. Guo 163) found that higher H 2 concentrations led to higher metallization ratios, higher speeds of reduction, and higher utilization rates of H 2 during the Fe 2 O 3 particle fluidized reduction process, as shown in Fig. 13 . This is because the higher hydrogen concentration contributes to the evolution of the ore fine particles to the porous morphology, thereby increasing the reduction rate and reducing the surface viscosity of the particles. Simultaneously, as the softening of the metallic iron, the forming of a dense metallic iron layer on the surface of the ore fines and the block of the internal diffusion pores caused by the increase in temperature, faster reduction rates and higher metallization ratios were obtained when the reduction temperature decreased from 1 273 to 1 073 K.
C. Lei et al. 134) found that increasing the metallization ratio of the pre-reduced iron ore could reduce the critical carbon content value (the minimum carbon content of iron ore to prevent high-temperature de-fluidization) significantly, as shown in Fig. 14. It is generally believed that the higher the metallization ratio of the ore fines, the more likely the de-fluidization occurs. The above "abnormal" phenomenon displayed in Fig. 14 can be explained by the theory of structure control of ore fines: by increasing the temperature and the H 2 mole fraction in the CO-H 2 mixture gas the prereduction rate can be increased and the iron ore particles are prone to form a porous microstructure. The porous structure helps the reduction reaction interface to penetrate into the interior of the particle, thereby reducing the metal iron activ-ity on the surface of the particle and reducing the critical carbon content value.
H. S. Chen et al. 164) study the effect of pre-reduction conditions of iron ore fines on the final reduction during fluidized bed reduction with respect to the Finex process, and found that temperature has an important influence on the reduction rate and the product layer structure. The ideal pre-reduction temperature is 973 K. The intrinsic effect of pre-reduction temperature on pre-reduction degree and final reduction degree is the effect of temperature on the reduction rate and product layer structure. On the one hand, the higher the pre-reduction temperature, the faster the chemical reaction rate, the more oxygen loss per unit time, and the more and deeper holes and cracks are formed; on the other hand, the higher the temperature, the faster the sintering rate, the more obvious the sintering effect, thereby causing the compression of holes and cracks and the reduction of porosity. The formation of pores and the sintering of the product layer are progressed simultaneously during reduction, if one is weakened, the other will be enhanced. 165, 166) The structure of the pre-reduced product layer will have an effect on the final reduction rate and the product structure. On the one hand, the more and deeper holes and cracks in the pre-reduction product layer formed, the easier for the final reducing gas to pass through the product layer reaching the reaction interface, the faster the reaction rate, and the higher the reduction degree. On the other hand, if the pre-reduction product is porous, the sintering in the final reduction stage will be slowed down, and the iron ore fine particles will form a loose porous final reduction product layer.
Changing of the Fluidized Form
The fluidized bed includes various forms such as the bubbling fluidized bed, the circulating fluidized bed, the dropping bed, and the like. The sticking problem usually accompanies with the bubbling fluidized bed. If the form of fluidization is changed, it is possible to fundamentally eliminate the occurrence of sticking of iron ore fines.
Circulating Fluidized Bed
The particles in a circulating fluidized bed is fluidized at a gas velocity greater than the free settling velocity. The iron ore fines circulate in the riser and the drop tube and are gradually reduced by the fluidizing gas. Due to the high kinetic energy of the high-speed airflow to the ore fine particles, there is a huge shear force between the particles colliding with each other, so that the problem of sticking between the particles can be avoided. M. S. Chu 167, 168) conducted a mathematical analysis of the kinetics of direct reduction of iron ore using a circulating fluidized bed.
Pulsating Fluidized Bed
By introducing a pulsating gas stream into the fluidized bed, a batch-type fluidization state can be realized. The pulsating airflow can improve the flow in the common fluidized bed, alleviate the sticking tendency of the ore fine particles, and at the same time enhance the heat and mass transfer characteristics of the gas phase and increase the reduction speed. Y. F. Liu 169) systematically studied the pulsating fluidized bed combustion technology. W. G. Su 170) studied the pulsating fluidized bed using the numerical simulation method and found that the pulsating gas flow added can initialize bed fluidization at low gas velocity and with the pulsating flow under resonance the fluidized bed quality can be improved and the turbulence of fluidization is enhanced.
Conical Fluidized Bed
The conical design at the bottom of the fluidized bed can promote the circulation of the ore fine particles from the center to the wall surface. This method can effectively improve the fluidization state of the common bubbling fluidized bed and reduce the sticking tendency to some extent.
S. Y. He et al. 171) found that the de-fluidization can be successfully inhibited without adding inert materials or causing elutriation issues in a conical fluidized bed with a high superficial gas velocity. M. Ozawa 172) studied the reduction of iron ore fines using a large cone angle jet fluidized bed and found that the sticking tendency was less compared with the low gas velocity region in a usual fluidized bed.
Flash Reduction with the Drop Tube Bed
The flash ironmaking technology (FIT) is a process which can complete the reduction of iron ore fines in a very short period of time. The apparatus used in the process is similar to the drop tube fluidized bed, and the ore fines are in contact with the high-temperature reducing gas and reduced during the falling process. As early as 1971, M. Ozawa 173) studied the H 2 reduction process of ultrafine iron ore fines in the temperature range of 1 023 K-1 223 K in a pneumatic conveying device. Also using this pneumatic conveying device, in 1982, F. Tsukihashi 174) studied the reduction kinetics of iron oxide particles under the conditions of 1 723 K and 1 873 K, and found that the iron oxide particles melted into spherical liquid drops with metallic iron inside and molten wustite phase outside during the reduction process. In 1993, S. Hayashi 94, 175) studied the characteristics and mechanism of the reduction process of wustite particles with H 2 at 1 723 K and 1 823 K. It was found that the reduction degree of nearly 80% can be achieved in less than 1 s in the strong reduction atmosphere. The obtained particles are composed of spherical metal iron inside and unreduced wustite phase covering outside. N. J. Themelis 176) introduced a rate equation describing the hydrogen reduction process of iron oxide particles with the particle size range of 70-42 000 μm, and pointed out that the effect of temperature on the reduction reaction rate is accomplished through the chemical reaction itself and the crystallization of metallic iron indirectly. Y. K. Rao 177) studied the nucleation rate during the reduction process and the effect of the growth mode of the metal iron nucleus on the reduction rate of the ferrite. N. Takeuchi 178) studied the reduction kinetics of spherical FeO in the temperature range of 1 373 K-1 573 K with CH 4 gas using a drop bed. It is found that the reduction rate is faster than that of using H 2 . The reason is explained that H 2 does not easily diffuse into the reaction interface between FeO and Fe when the metal iron layer is formed on the periphery of the particles, and C which is decomposed by CH 4 can penetrate into the metal iron layer and enter the reaction interface. Thus, the reduction speed limit step at this time is the interface chemical reaction.
H. Y. Sohn et al. [179] [180] [181] conducted hydrogen reduction experiments on iron concentrate particles of about 30 μm at the temperatures above 1 573 K. It was found that the iron ore particles can achieve a reduction degree of 90%-99% in a few seconds. So they put forward the idea of flash ironmaking technology. In addition to its fast rate of reduction, this process can avoid the solid-solid contact effectively during the reduction process and avoid the sticking problems. 34, 91, 182) After 2008, this process was supported by the US Department of Energy and industries for amplification experiments. 183) A scale-up apparatus developed in the University of UTAH is displayed in Fig. 15 . L. Guo 184, 185) carried out the flash reduction experiments on Fe 2 O 3 particles in low temperature range (873 K-1 373 K) and high temperature range (1 573 K-1 873 K) respectively using two kinds of drop bed devices. 60) And the morphological evolution characteristics of the particles during reduction at different temperatures are summarized. B. Abolpour [186] [187] [188] [189] [190] [191] conducted some research on the CFD simulation and reduction kinetics of this process.
Discussion
There are some misleading concepts in the study of inhibiting the sticking problem. They are analyzed as follows:
(1) To prevent the sticking problem of iron ore fines, measures should be taken from two aspects of reducing the adhesive properties of the ore particles and improving the fluidization conditions. The generation of iron whiskers deteriorates the fluidization state, but the suppression of the presence of iron whiskers does not necessarily achieve the effect of preventing the sticking problem. The iron whisker is only one of the existing forms of the newly formed metallic iron on the surface of ore particles, and layered iron can also cause the sticking problem.
(2) The sticking problem usually happens when a certain metallization ratio is reached. The metallization ratio is an average index, and what really affects the sticking properties is the metal iron concentration on the surface of the ore particle. For the following two phenomena: (a) the internal reduction of the ore particle is sufficient, and there is no much difference on the concentration of metal iron in the interior and the surface layer; (b) the reduction is concentrated on the surface layer of the ore particle, and the internal reduction is insufficient. Under the same metallization ratio, the sticking problem is more prone to happen for condition (b), namely, a higher metallization ratio can be reached when sticking happens at condition (a). Therefore, it cannot be said simply that the higher the metallization ratio is reached by the ore fines, the more likely the sticking problem occurs.
(3) The prevention of the sticking problem does not mean extending the fluidization time blindly. L. Guo 163) found that the normal fluidization time can be prolonged with lower reduction temperature and lower concentration of reducing gas, but the metallization ratio reached by the ore fines after the occurrence of de-fluidization is not very high. And the de-fluidization will occur in a short period of time with higher reduction temperature and higher concentration of reducing gas, but the metallization ratio of the product obtained is high. Therefore, the ultimate goal of suppressing the sticking problem should not be to extend the fluidization time, but to increase the metallization ratio before the happening of de-fluidization.
(4) The inert oxide used in the coating process will not cause the introduction of a large amount of gangue phases. The role of the coating agent is to adsorb on the surface of the ore particle to reduce its sticking tendency, and the thickness of the coating is usually about 1 μm. The concentration of the gangue phase on the thin layer of the ore particle surface increase greatly due to the coating effect, but for the whole particle, the increase of the gangue phase is very limited, which is usually below 1 wt%. Table 2 lists the information of some non-blast furnace ironmaking processes related to the fluidized bed uint. In many non-blast furnace ironmaking processes, the fluidized bed is used as the preheating and pre-reduction device of the ore powder. It can be seen that the fluidized bed ironmaking technology plays an important role for the development of non-blast furnace ironmaking, and solving the sticking problem is the key to the further development of this technology.
Prospect of Inhibiting the Sticking Problem

Combination of Multiple Sticking Prevention
Methods Comparative analyzing of various prevention measures, the coating treatment by mixing inhibitors in iron ore fines is considered to be the most convenient for industrial application. On one hand, this method does not increase the gas flow rate, which can ensure the gas utilization rate; in addition, the added oxide coating agent will become part of the slag phase in the later smelting process, and the added coke or pulverized coal powder can be used as the smelting fuel and the reducing agent, neither will put an extra burden on the entire process.
In addition, various methods can be combined to achieve an optimal effect on the inhibiting of sticking problem. For example, the multistage reduction method and the carbon coating method combined with the particle morphology controlling method. Table 2 . A summary of non-blast furnace ironmaking processes using fluidization technology. 12, [192] [193] [194] [195] Born 
Hydrogen-based Fluidized Bed Ironmaking
The blast furnace and other smelting reduction processes use large amounts of carbon-based energy, causing a large amount of greenhouse gas emission each year. The international community's call for curbing global warming has put enormous pressure on the iron and steel industry to save energy. In addition, due to the many advantages of fuel cells, the new energy automotive industry also places great demands on hydrogen energy. In the future, the proportion of hydrogen energy in the energy system will be higher and higher.
The HYBRIT Development, a Swedish joint venture between the SSAB, the state-owned iron ore producer LKAB and the state-owned electric power company Vattenfall, proposed a carbon-free steelmaking process using the electrolytic hydrogen production technology to provide hydrogen gas for the production of direct reduced iron. The United States, China, South Korea and other countries are all deploying the project of hydrogen production with nuclear energy. The nuclear energy hydrogen production technology has the advantages of no greenhouse gases generating, using water as raw materials, high efficiency, large scale, et al. Thus, it is an important solution for large-scale supply of hydrogen in the future. A 600 000 kW high-temperature gas-cooled reactor unit can meet the energy demand of 1.8 million tons of steel production in terms of hydrogen, electricity and part of oxygen, reducing the emission of CO 2 by about 3 million tons and reducing the energy consumption by about 1 million tons of standard coal per year.
The use of hydrogen as a reducing agent can not only achieve zero carbon emission, but also help to increase the reaction rate. The fluidized bed ironmaking process directly using the fine iron ore can well cooperate with the hydrogen reduction operation, which helps to exert the technical advantages of hydrogen reduction such as low emission and high efficiency. At the same time, the use of hydrogen as a reducing agent helps to reduce the sticking tendency of the ore fines, which contributes to stable operation. The solution to the problem of hydrogen resources contributes to the implementation of some highly efficient direct reduction ironmaking processes like the flash ironmaking technology.
Conclusions
(1) The main reason for the occurrence of sticking problem is the accumulation of newly formed metallic iron on the surface of the ore fine particles. The formation of iron whiskers exacerbates the sticking tendency of ore fine pariticles.
(2) Since the newly formed metal iron is the main cause of the sticking problem, the main factors affecting the sticking behavior are usually some factors affecting the properties of the newly formed metal iron.
(3) The most fundamental factor in suppressing the sticking problem is to change the surface properties during the reduction of iron ore fines, thereby reducing the surface viscosity. The dual goal of suppressing the sticking problem and improving the reaction efficiency can be accomplished by taking comprehensive measure from the two aspects: the particle itself and the external conditions.
(4) The fluidized bed ironmaking process has many advantages in terms of reaction efficiency and low cost, which is suitable for many non-blast furnace ironmaking technologies as a mean of pre-reduction. Aided by the solving of sticking problem in actual operation, the fluidized bed ironmaking technology will receive more and more attention nowadays when the carbon and pollutant emissions become more stringent.
